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SIR WILLIAM MACLEAY MEMORIAL LECTURE, 1964. 
HOW ANIMALS CAN LIVE IN DRY PLACES. 
By H. G. ANDREWARTHA, Department of Zoology, University of Adelaide. 


(Three Text-figures.) 
{Delivered 21st August, 1964.] 


INTRODUCTION. 

The larvae of Polypedilum vanderplanki, a small midge of the Family Chironomidae, 
live in temporary pools formed in shallow hollows in rocks in Uganda. In their normal 
active condition water makes up about two-thirds of their total weight. When the 
pool dries up the larvae dry up also, becoming virtually as dry as the dust in which 
they are living. They survive the drought in this desiccated condition; when the next 
lot of rain fills the pool again they replenish their tissues with water and resume 
development. Hinton (1960) showed that when larvae in this condition of cryptobiosis 
were stored in air of relative humidity 60% the water-content of their bodies was 
about 8%. Some larvae that had been stored in dry dust in the laboratory for 39 
months revived when they were placed in water, and subsequently they completed 
their development, apparently normally. Cryptobiosis occurs in other invertebrates, 
not necessarily closely related to the Chironomidae, but it is nevertheless an unusual 
adaptation for life in the desert. 


By and large, the water-content of the bodies of desert-dwellers is not much 
different from that of related species living in moister places; about two-thirds of 
their body-weight is water. Many sorts of animals, camels, kangaroos, rodents, snails, 
spiders, ticks and insects, live in deserts by virtue of adaptations in physiology and 
behaviour which allow them to conserve a normal amount of water in their bodies 
despite the heat and dryness of the places where they live. 


THE DrRoUGHT-HARDINESS OF DESERT-DWELLERS. 

The trap-door spider, Blakistonea aurea, is abundant in grassland and savannah on 
the plains near Adelaide. During the winter the spider feeds on whatever small arthro- 
pods it can catch near the mouth of its burrow. On the approach of summer it seals the 
lid of its burrow with silk and retires to the bottom of the burrow where it remains 
inactive without food or drink throughout the summer. At first sight it seems odd 
that the spider should shut itself off from supplies of food during the hottest and 
driest part of the year when the need to replenish water lost by evaporation is greatest. 
It seems especially odd in the light of experiments which showed that the spider is 
not much good at resisting evaporation from its body: when several spiders were 
exposed to dry air (relative humidity close to zero) they died in three days, having 
lost 30% of their original weight. a 

During the summer in Adelaide on hot days the maximum shade temperature 
may exceed 40° C. and the relative humidity may fall below 10%. Hot dry weather is 
the rule for the five months from November to March. Yet most of the spiders that 
enter the summer are still alive at the end of it. The explanation of this paradox is 
that 20 em. below the surface the weather is very different from near the surface; 
at the bottom of the burrow the relative humidity usually remains above 90%. 
Apparently it is safer for the spider to remain without food in a place where the 
air is moist than to seek food at the mouth of the burrow where the air is likely to 
be dry. The magnitude of this risk is doubtless a reflection of the spider’s chancy 
way of seeking food—sitting at the top of the burrow waiting for an ant or beetle to 
blunder by. 
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By way of contrast the snail, Helicella virgata, seems to seek out places that are 
especially hot and dry when it is settling down for the summer; the top of a fencing 
post or the exposed northern face of a stone wall are characteristic places (Fig. 1). 
The snail, having settled in such a position, may spend the entire summer there 
without food or drink; or it may wake up briefly during a shower of rain only to 
resume its position when the rain dries up. During the five months that the snail 
sits in the exposed position it might evaporate about 120 mg. of water; a standard 
evaporimeter tank might evaporate 36 inches of water during the same time. 


Fig. 1. The snail, Helicella virgata, seeks hot dry places in which to aestivate. 


The kangaroo tick, Ornithodorus gurneyi, lives in the dust about half an inch 
below the surface in kangaroo “wallows” in country where the annual rainfall is about 
seven inches and annual evaporation about six feet. The ticks have no opportunity to 
eat or drink, except when a kangaroo happens to use the wallow. But the ticks can 
remain alive and conserve the water-content of their bodies for several months without 
food or drink. 

The flour moth, Ephestia kuhniella, can grow from an egg, weighing less than 
1 mg. to a pupa weighing 16 mg. (of which 10 mg. is water) in flour that has been 
dried in an oven and kept in a closed container over concentrated sulphuric acid (i.e., 
in air virtually at zero relative humidity). Even though it is eating such dry food 
and respiring such dry air the caterpillar can retain sufficient of the water of 
metabolism to maintain a water content of 64% in its body (Table 1). 

The kangaroo rat, Dipodomys merriami, lives in the desert in Arizona, eating 
only dry grain and not drinking at all. It could (on occasion), if it would, gain 
water by eating succulent vegetation, but it seems never to do this. The kangarao 
rat, like the trap-door spider, avoids the worst rigours of the desert by digging itself 
a burrow, but, unlike the trap-door spider, this is only part of the explanation of its 
success (see below). 

The camel, being too large to escape the heat by going underground, lives and 
works on the surface exposed to the full severity of the desert sun. There is an 
authentic record of a journey of 600 miles made by camels in the Empty Quarter of 
the Sahara where there is no drinking water (Schmidt-Nielsen, 1964). 
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Finally, the brine shrimp, Artemia salina, lives in pools of sea-water and can 
thrive in sea-water which is drying up and from which the dissolved salts are 
crystallizing out of solution (Croghan, 1958). 

I mention the brine shrimp in this cavalcade of drought-nardy animals in order 
to make the point that it is sometimes convenient to measure an animal’s qualifications 
for living in a dry place in terms of the difference in the “activity” of water inside 
and outside its body. In this context “activity” is conveniently measured in units of 
osmotic pressure. For example, the body-fluids of the brine shrimp have an estimated 
osmotic pressure of eight atmospheres; the most concentrated brine in which it can 
live has an estimated osmotic pressure of 326 atmospheres. The brine shrimp loses 
a certain amount of water by osmosis and by excretion. To make good the loss it 
swallows brine, retains the water, and excretes the excess salts into the medium in 
which it is living, thereby doing work against a gradient in osmotic pressure of 318 
atmospheres. i 


TABLE 1. 


The Moisture Content of Pupae of the Flour Moth Reared in Food of Different 
Moisture-conient. 
(After Fraenkel and Blewett, 1944.) 


Moisture in Relative Wet Weight Water-content 
Food. Humidity. of Pupa. of Pupa. 
% % mg. % 
14°4 70 Bo) 68 
6-6 20 18:7 66 
13], 0 15:8 64 


There is a law of physical chemistry which relates the osmotic pressure of an 
aqueous solution to the relative humidity of the air that is in equilibrium with the 
solution: 


0-018P 
Loge H = 4:6052 — ————— 
0-0821T 
where H = relative humidity in per cent: P = osmotic pressure in atmospheres: 


T = absolute temperature degrees centigrade. 


This equation enables us to compare the brine shrimp which lives in “dry” brine 
with the tick which lives in dry air. Lees’ (1947) experiments with Ornithodorus 
moubata (a close relative of the kangaroo tick) showed that ticks which had become 
desiccated after living for a while in air with relative humidity close to zero could 
replenish almost all the water that they had lost if they were kept for a while in air 
with relative humidity 85% (or moister); and Browning (1954) showed that the ticks 
could repeat this many times (see Figure 2). The design of these experiments left no 
room for doubt that the ticks were absorbing water from the water-vapour in the air. 
I have estimated that a relative humidity of 85% is equivalent to an osmotic pressure 
of 216 atmospheres. Assuming that the bhody-fluids of the tick have an osmotic pressure 
of eight atmospheres, the tick is able to build up the water-content of its body against 
an osmotic gradient of 208 atmospheres. 


The kangaroo rat makes a highly concentrated urine with an osmotic pressure 
of 123 atmospheres. The difference in osmotic pressure between its body-fluids and 
the urine into which it exeretes salts and urea is about 115 atmospheres. 

In Table 2 I have brought together a number of animals that can be compared 
on the basis of the “activity” of the water against which they work to conserve the 
water-content of their bodies. 

In Table 2 these animals are judged only by the pressure against which they can 
maintain the water-content of their bodies. This is only one aspect of their capacity 
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for living in a dry place. Other equally important questions that might be asked 
about them include: 


(a) How much work is done to conserve water? i.e. how much energy is used in 
water-conservation? 

(b) Power is the rate of doing work, and it would be pertinent to ask how much 
power can the animal devote to conserving water? 

(c) More can be achieved by a machine of efficient design than by one with less 
efficient design, so it is also interesting to inquire into the mechanisms whereby 
animals conserve water. 
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Fig. 2. Two ticks, Ornithodorus moubata, lost weight (water) while they were suspended 
in air of 5% relative humidity (broken lines) and gained weight by absorbing water when 
they were suspended in air of 95% relative humidity. One was still alive after 180 days. 
(After Browning, 1954.) 


MECHANISMS OF WATER-CONSERVATION. 

The gull excretes salt from a specialized nasal gland (if you watch a gull for a 
few minutes you will probably see it shaking drops of concentrated salt solution from 
its nose); but it also uses its kidneys in the normal way for excreting nitrogenous 
waste. Because in the camel and the kangaroo rat the kidneys have to excrete both 
salt and urea, their kidneys have to work against greater gradients in pressure to 
achieve the same result—it is a matter of design, like the difference between two- 
wheel and four-wheel brakes on a car. 


Size is an important part of overall design and largely determines the mechanisms 
that can be used for conserving water. The temperature of the air in the Arizona 
desert where the kangaroo rat lives may go as high as 45°C. and the surface of the 
ground may exceed 70°C. in an exposed place. Because of its size (about 36 g.) the 
kangaroo rat can go underground during the day into a deep burrow where the 
temperature is not likely to exceed 31° C., and the humidity is also likely to be much 
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higher than at the surface. The kangaroo rat emerges from the burrow at night when 
the temperature at the surface is likely to have fallen well below the 36-38° C. which 
is its normal body temperature. Thus, because it is small, the kangaroo rat can 
contrive to spend all its time in a place that is cooler than itself, and, in these 
circumstances, because it has a large surface area relative to its weight (another 
consequence of small size), most of the heat of metabolism is dissipated by radiation. 
Some heat is also dissipated by evaporation of water from the lungs during the normal 
progress of respiration; and these two mechanisms suffice to keep the animal cool. 
The kangaroo rat does not need to expend water in sweat to keep cool. When one 
considers that during a hot day in Sydney a man working actively might sweat at 
the rate of a litre an hour, the economies that the kangaroo rat achieves by virtue of 
weighing only 36 g. and not requiring to sweat seem quite impressive. 


TABLE 2. 


The “ Activity ” of Water Against which Certain Animals Work to Conserve Water in Their Bodies. 
“ Activity ° is measured in atmospheres of osmotic pressure. 


Species. Empiical Information. ™ Activity ” Author. 
Atmosphere. 
Rat flea .. Gains weight in air R.H. 50%. 910* Edney (1947). 
Brine shrimp Maintains body-fluid in saturated brine. 326t Croghan (1958). 
Camel tick .. Gains weight in air R.H. 85%. 216* Lees (1947). 
Kangaroo rat Contentrates urine to 5-5 osmoles/litre. 123f Schmidt-Nielsen (1964) 
Camel .. Concentrates urine to 2:8 osmoles/litre. 63f y a w 
Man .. .. Concentrates urine to 1-4 osmoles/litre. 32f 60 n 3 
Gull .. .. Excretes concentrated solution of NaCl. 407 Schmidt-Nielsen & Sladen (1958) 
Eel .. .. Exeretes salts into sea water. 26* Krogh (1939). 


* Converted from measurements of relative humidity. 
t Converted from measurements of depression of freezing point. 


The kangaroo rat is also highly economical in the use of water for excretion. It 
makes a urine that is about four times as concentrated as the best that man can do. 
The efficient kidney is not, of course, a direct outcome of small size, but efficient 
kidneys seem, nevertheless, to be characteristic of small desert-living rodents. It is 
almost as if natural selection, having achieved such great economies with evaporation, 
went on to improve the kidney so that the kangaroo rat might live without drinking 
water or eating any watery food. It is so economical with water for evaporation and 
excretion that it can get enough water for its needs by metabolizing dry seeds. 

The camel is too large to seek the shelter of an underground burrow. It often 
has to live in places that are much hotter than itself, and where it is exposed to direct 
radiation from the sun. Even when it is in a place that is slightly cooler than itself 
the camel, because of its small surface area relative to its weight (a consequence of 
large size), cannot dissipate enough heat merely by radiation: it must supplement 
radiation by the evaporation of sweat. Thanks to a series of elegant studies by Schmidt- 
Nielsen and his colleagues, we now know how the camel can do so well in the desert 
despite these seeming difficulties. The full story is told in Schmidt-Nielsen’s book 
“Desert Animals”. The follcwing summary is inadequate because of its brevity 

Compared to a man or a dog, a camel can lose proportionally more water from 
its body without dying. It a man loses more water than about 10% of his original 
weight he becomes incapable of looking after himself. As he loses still more water his 
‘blood becomes viscous and no longer flows freely enough to transport heat from deep 
tissues to the surface where it can be dissipated. As the loss of water approaches 
18% the temperature probably rises explosively and the man probably dies quickly. 
By contrast a camel can lose water at least equal to 20% of its weight and still have 
its blood non-viscous and circulating freely. This is because the water that the camel 
loses comes largely from its tissues, whereas the water that a man loses comes largely 
from his blood. 
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On a warm day a man will start to sweat as soon as his temperature begins to 
exceed 37° C.; nor will his temperature fall much below 37°C. even on a cold night. 
By contrast the temperature of a camel, especially one that is dehydrated, will fall, 
during the night, as low as 34°C., and rise during the day to about 40°C. Sweating 
does not begin until the body temperature exceeds 40°C. Schmidt-Nielsen has 
estimated that an average size camel would require about 2500 kilo-calories to raise 
its temperature through 6°C.; to dissipate this much heat by sweating would require 
the evaporation of five litres of water. By a carefully controlled departure from strict 
homoiothermy the camel saves five litres of sweat a day. 

The curly fur of a camel traps air which insulates the animal against the heat 
radiating from the sun and the hot ground. Also the fur ensures that when the 
camel is sweating the water will evaporate close to the skin where it can do most good. 


The adaptations for water-conservation in the camel are made possible by its 
large size just as the adaptations in the kangaroo rat are related to its small size. 
The invertebrate animals that I have included in Table 2 are much smaller than the 
kangaroo rat and they are poikilothermic. Because they are poikilothermic and because 
in such small animals metabolic heat is readily dissipated by radiation they do not 
heed to expend any water for evaporative cooling. Ticks and insects have cuticles 
that incorporate wax which makes them highly impermeable to water; they use almost 
no water for excretion because nitrogen is excreted as uric acid and the faeces are 
dried out in the rectum before being excreted; in addition the tick can absorb water- 
vapour from air with a relative humidity of 85%, and the prepupa of the Xenopsylla 
can absorb water-vapour from air with a relative humidity of 50%. 

Browning (1954) showed that the tick could be dehydrated and then rehydrated 
in this way through about nine cycles before it eventually died (see Fig. 2). Lees 
(1947) showed that the tick could not absorb water-vapour in this way while the cells 
of the epidermis, lying immediately below the cuticle, were occupied repairing even a 
small area of cuticle which had been abraded with fine grit to remove the wax. Frem 
the results of these and other experiments Lees concluded that the site of water- 
absorption in the tick was in the cellular epidermis. 

On the other hand, Mr. S. S. Walters, in Adelaide, working with the larvae of the 
mealworm, Tenebrio molitor, has shown that the power (i.e. rate of doing work) 
which the grubs devote to water-conservation is independent of humidity over a wide 
range of relative humidities; but it is closely dependent on temperature. The results 
of these and other experiments suggest that in Tenebrio water-conservation may be 
regarded merely as a by-product of respiration. The corollary is that the grubs of 
Tenebrio expire air that has been dried to about 90% R.H., but this hypothesis has not 
been confirmed empirically. If this is true for Tenebrio then it is also likely that the 
camel tick expires air that has been dried to 85% R.H. and the prepupa of the flea 
expires air that has been dried to 50% R.H. If this hypothesis can be verified it 
would suggest a mechanism for water-conservation quite different from any that is 
known in vertebrates. The camel and the kangaroo rat both expire water that is 
saturated with water-vapour at the temperature of their lungs—or at least at that of 
their nasal passages. 

Water-conservation in the snail, Helicella virgata, is being studied in Adelaide by 
Mr. D. E. Pomeroy. Unlike the ticks and the insects, the snail seems not to be able 
to absorb water-vapour from humid air—its flair seems to lie in holding tenaciously 
to what it has already got. That this is an active process which goes on only while 
the snail remains alive is strongly suggested by Figure 3 which describes the changing 
weight of a snail that was kept continuously at 30°C. in air with a relative humidity 
of 5%. The sharp inflexion in the curve which occurred about the 190th day coincided 
with the death of the snail. Similar curves could be drawn for the other 39 snails in 
the experiment. The average for the whole experiment is shown in Table 3. 

At the beginning of the experiment a snail contained on the average 407 mg. of 
water; by the time of death this had fallen to 271 mg. 
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The figures in Table 3 allow us to speculate on the amount of work that a snail 
may have done (during the 234 days that it was living at 30°C. in air of relative 
humidity 5%) in order to conserve 271 mg. of the 407 mg. of water that it had in its 
body at the beginning of the experiment. If we assume that the abrupt change in the 
daily rate of water loss that occurred about the 234th day was caused by the death of 
the snail (Fig. 3) we can reasonably argue that the living snail was doing some sort 


WEIGHT IN MG 


O 6 3 45 60 75 90 15 120 130 ISO KS BO 19S 210 225 240 255 27% 
DAYS 


Fig. 3. The snail, Helicella virgata, suspended in air of 5% relative humidity at 30° C.. 
lost weight (water) slowly until it died after 234 days. 


of work that resulted in it not losing 19-830-0-559 = 19-271 mg. of water a day. Ncw 
consider the analogy of a man who is pumping water into an overhead tank with a 
small hole in it from which the water is running away. If the hole is dripping at 
the rate of 19-830 gals. per hour and the amount of water in the tank, despite the man’s 
pumping, is decreasing at the rate of 0-559 gals. per hour, by analogy the snail may 
be considered to be doing the equivalent of pumping 19-271 mg. of water per day into 
its body. 


The work done by a pimp is given by the equation: 
E SBY 


where E is energy, P is pressure, and v is volume of fluid pumped against the pressure 
P. The pressure can be calculated from the equation given above; the volume, taking 
the density of water as 1, is 0-0198 c.cm. per day or 4:5 c.em. in 234 days. The amount 


TABLE 3. 
The Mean Daily Loss of Weight (Water) by 40 Snails Kept at 30° C. in Air of 5% Relative 
Humidity. 
Mean Weight Mean Daily Loss Mean Daily Loss Niin Dm A 
at Beginning of of Weight of Weight at Wie 
Aestivation. During Life. After Death. ; 
mg. mg. mg. days 
592 0-559 19-830 234 


of energy required to “pump” water from a place where the relative humidity is 5% 
(equivalent to an osmotic pressure of about 4000 atmospheres) to a place where the 
pressure is eight atmospheres (i.e. the body-fluids of the snail) is about 0-5 kilo- 
calories which would require the oxidation of at least 20 times as much dry matter as 
the snail actually uses during its period of aestivation. Whatever the mechanism the 
snail may have for conserving water during aestivation. clearly there is no point in 
comparing it with a pump. 
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Yet it would seem to be some sort of active process. In addition to the evidence 
of the shape of the curve in Figure 3 Pomeroy’s experiments have provided the 
following facts: j 


(a) The conservation of water breaks down in the absence of oxygen. 

(b) When experiments, like the one from which Figure 3 was constructed, were 
repeated at various combinations of temperature and humidity it turned out 
that the duration of life was nearly independent of humidity but closely related 
to temperature. 

(c) The rate of loss of water depended on humidity, but even at the lowest 
humidities the snail seemed to have more than ample power (rate of doing 
work) to retain a safe amount of water in its body. 

(d) When it eventually died it seemed that death came from shortage of food 
rather than shortage of water. 


All these results, taken together, suggest an active (i.e. energetic) mechanism for 
water-conservation. It does not seem as if the energy is used in a process that has 
any resemblance to pumping; perhaps the work that the snail does is more like the 
process of mending holes in a ready-made wall. This is about as far as we can go at 
present; we still do not seem to be very close to having a plausible explanation for 
the way that the snail conserves water during aestivation. 
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